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Introduction
In patients with clinically suspected pulmonary embolism (PE), objective diagnosis is mandatory to identify those who require anticoagulant treatment. The clinical signs and symptoms of PE are, however, non-specific. Computed tomography pulmonary angiography (CTPA) or ventilation-perfusion (V/Q) scanning are therefore warranted to confirm the diagnosis, but the associated costs, exposure to ionizing radiation, risk of contrast-induced nephropathy and potential for overdiagnosis make them less desirable as a first-line test.
This has led to the recommendation to start the diagnostic management of suspected acute PE with assessment of clinical pretest probability followed by D-dimer testing to reduce the number of imaging tests [1] . For example, imaging can be safely withheld in~28% of patients who are classified as 'PE unlikely' by the Wells rule and have a D-dimer result below 500 lg L À1 [2] . Imaging can be safely withheld in an additional 5% of patients by applying an age-adjusted D-dimer positivity threshold, defined as a patient's age multiplied by 10 lg L À1 for those aged > 50 years. This age adjustment increases the specificity of D-dimer testing in elderly patients [2, 3] .
Despite the recommendation to use a well-validated algorithm in the diagnostic work-up of PE, the threshold for performing imaging appears to have been lowered over the years, probably because of the fear of missing a potentially fatal diagnosis, and facilitated by the readily and widespread availability of computed tomography at emergency departments. It is also possible that a clinical decision score, such as the Wells score, may be perceived as too complicated for use at the bedside, as seven clinical items have to be remembered, assessed, assigned different weights, and then summed.
To partly overcome the practical limitations of the original Wells score, a simplification has previously been proposed, in which only one point is assigned to each item [4] . As a consequence, when using the score at the recommended positivity threshold of two points, physicians do not have to sum points for the individual items anymore, but rather evaluate whether two or more features are present or not; if so, the patient has to be referred for imaging. This simplified Wells rule appeared to be as safe and efficient as the original score when combined with fixed Ddimer testing in a prospective management study of 807 patients [5] . However, despite these encouraging results and apparent clinical applicability, the simplified Wells score has received little attention; it is infrequently used in clinical practice.
The objective of the present study was to compare the performances of the simplified and original Wells scores alone and in combination with age-adjusted D-dimer testing by using individual patient data of > 7000 patients with suspected PE, enrolled in six prospective management studies.
Methods
We used data from 7268 patients with clinically suspected PE. These had been enrolled in six prospective, diagnostic management studies between November 2002 and January 2013 [3, [5] [6] [7] [8] [9] . These studies were previously identified in a systematic review; the data collected have been used for an individual patient data meta-analysis of the performance of the original Wells rule and D-dimer testing [2] .
Study selection
Briefly, MEDLINE and EMBASE were searched from 1 January 1998 to 13 February 2016 for PE diagnostic management studies in secondary care that had enrolled consecutive, hemodynamically stable adults with signs and symptoms suggestive of acute PE. All patients had to be assessed by use of the original, dichotomous Wells rule, followed by quantitative D-dimer testing in those classified as 'PE unlikely' by the Wells score (four points or less). Patients with a 'PE unlikely' Wells score and a negative D-dimer test result, i.e. a D-dimer level below the protocol-defined threshold, were to be managed without imaging, not given anticoagulants, and followed for 3 months for the occurrence of symptomatic venous thromboembolism (VTE).
Study description
Five studies evaluated the Wells rule in combination with a conventional, fixed D-dimer threshold of 500 lg L À1 , whereas the remaining study evaluated an age-adjusted D-dimer threshold, defined as a patient's age multiplied by 10 lg L À1 in those aged > 50 years. Patients with a 'PE likely' Wells score or a 'PE unlikely' Wells score and a positive D-dimer test result underwent diagnostic imaging for PE, which was CTPA in five studies and CTPA or V/Q scanning in one study. In all studies, patients with a 'PE unlikely' Wells score and a negative D-dimer test result remained untreated and were followed for 3 months by clinic visits or by telephone for the occurrence of symptomatic VTE. Suspected outcomes were adjudicated in four of six studies.
Risk of bias as assessed with the QUADAS-2 tool was judged to be 'low' for patient selection and index test in all studies, and 'unclear' for the reference standard and flow and timing in three studies. No applicability concerns were identified (see previous report for full QUA-DAS-2 results [2] ).
Simplified versus original Wells score
The performances of the original and simplified Wells scores were compared (Table 1) . First, in each of the six studies, a multivariable logistic regression model was fitted with the Wells score items as independent variables, and a diagnosis of VTE at baseline or during follow-up as dependent variable. Odds ratios with 95% confidence intervals (CIs) across the studies were compared with the odds ratios reported in the original study by Wells et al., to evaluate whether the derivation model may have been overfitted, which could have resulted in inflated weights being assigned to the respective variables [10] . The discriminative performances of the original and simplified Wells scores were assessed by calculating the area under the receiver operating characteristic (ROC) curve (i.e. the c-statistic), with 95% CIs being calculated according to DeLong's method [11] .
The proportion of patients with confirmed PE was estimated in the groups of 'PE unlikely' patients (i.e. 1 -negative predictive value) and 'PE likely' patients (i.e. positive predictive value).
Original and simplified Wells rules combined with age-adjusted D-dimer testing As the Wells score alone cannot safely rule out PE, it has to be used in conjunction with D-dimer testing. Therefore, we evaluated the efficiency and failure rate of the original and simplified Wells rules combined with quantitative D-dimer testing by using an age-adjusted D-dimer positivity threshold, defined as a patient's age multiplied by 10 lg L À1 in those aged ≥ 51 years. We focused on age-adjusted D-dimer testing, as this approach has now replaced the conventional, fixed threshold in many centers following the results of the ADJUST-PE study [3] . A comparison between the fixed and age-adjusted D-dimer thresholds was beyond the scope of the present analysis. Efficiency was defined as the proportion of patients in whom PE could be considered to be excluded on the basis of a 'PE unlikely' Wells score and a D-dimer level below the age-adjusted threshold. The failure rate was defined as the number of these patients who were diagnosed with PE at baseline or with symptomatic VTE during the 3-month follow-up, relative to all patients with a 'PE unlikely' Wells score and a D-dimer level below the ageadjusted threshold. Patients who received anticoagulation for indications other than VTE or who were lost to follow-up were excluded from the failure rate analysis. Because, by definition, the age-adjusted D-dimer threshold is only different from the conventional threshold in patients aged > 50 years, we performed an analysis restricted to this group of patients.
Statistical analysis
It is well known that missing data can lead to biased estimates [12] . Therefore, multiple imputation was used to replace missing values 10 times within each study separately, assuming a missing at random pattern wherein the missingness mechanism depends on the observed data. Results across the imputed datasets were combined by the use of Rubin's rule [13] .
In all analyses, summary estimates with 95% CIs were obtained by a one-stage meta-analysis with generalized linear mixed-effects models [14] . A random intercept was specified for each study to account for the clustering of observations within studies. To assess between-study heterogeneity, a 90% prediction interval (PI) was calculated around the estimates of the mean [14] . This PI reflects both the statistical uncertainty around the estimate and the between-study variability. The 95% CI for the absolute difference in efficiency was obtained by repeating the efficiency analyses in 500 bootstrap samples. R version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria; www.R-project.org) was used for all analyses; in particular the mice package, version 2.21, was used for multiple imputation, and the lme4 package, version 1.1-12, was used for the generalized linear mixedeffects models.
Results
The study group comprised 7268 patients with clinically suspected PE previously enrolled in six diagnostic management studies. Their baseline characteristics are summarized in Table 2 . The mean age was 56 years, and 58% were female. Multiple imputation was used to replace missing quantitative D-dimer data in 104 patients with a 'PE unlikely' Wells score (2%) and to calculate the simplified Wells score in 128 patients (1.8%). The proportion of patients with confirmed PE ranged from 13% to 42% across the studies (mean, 23%; 95% CI 17-30%).
Comparison of the original and simplified Wells scores
The most frequently observed Wells score element was the subjective item 'alternative diagnosis less likely than PE' (52%), whereas the items 'clinical signs of lower extremity deep vein thrombosis' (4%) and 'hemoptysis' 
Items
Clinical signs of lower-extremity DVT
Alternative diagnosis less likely than PE
Heart rate > 100 beats min
DVT, deep vein thrombosis; PE, pulmonary embolism.
(5%) were infrequently seen. The results of the multivariate analysis demonstrated that the odds ratios for the Wells score items were often lower in the present analysis than in the derivation study by Wells et al. (Fig. 1) . The area under the ROC curve of the original Wells score (0.73, 95% CI 0.72-0.75) was comparable to that of the simplified Wells score (0.72, 95% CI 0.70-0.73; Fig. S1 ). The proportions of confirmed PE among patients classified as 'PE unlikely' and 'PE likely' by the original Wells rule were 15% (95% CI 12-19%) and 42% (95% CI 38-46%), respectively. For the simplified Wells rule, the proportion of 'PE unlikely' patients with confirmed PE was 12% (95% CI 10-15%) and the proportion of 'PE likely' patients with confirmed PE was 37% (95% CI 33-42%).
Performance of the original and simplified reduced Wells rules combined with D-dimer testing
In the pooled analysis, 70% of patients (95% CI 57-80%; 90% PI 32-92%) were classified as 'PE unlikely' by the original, dichotomous Wells rule, as compared with 58% (95% CI 43-72%; 90% PI 20-89%) by the simplified, dichotomous Wells rule. Overall, 9.4% of patients were reclassified from 'PE unlikely' to 'PE likely' when the simplified Wells rule was applied. The proportions of patients in whom imaging could have been withheld on the basis of a 'PE unlikely' score and a D-dimer below the age-adjusted threshold were comparable with the original Wells rule and with the simplified Wells rule. The mean efficiency was 33% (95% CI 25-42%) with the original Wells rule, and the 90% PI was 18-52%. With the simplified Wells rule, the mean efficiency was 30% (95% CI 21-40%; 90% PI 14-51%). As is evident from the width of the PIs, considerable heterogeneity was observed in both analyses (Figs S2 and S3). The absolute difference in efficiency between the original and simplified Wells rules was 2.8% (95% CI 2.1-3.5%).
The failure rates of the original and simplified Wells rules combined with age-adjusted D-dimer testing were also comparable: mean failure rate for the original Wells of 0.9% (95% CI 0.6-1.5%; 90% PI 0.6-1.4%) versus a mean of 0.8% for the simplified rule (95% CI 0.5-1.3%; 90% PI 0.6-1.2%).
The efficiency of both rules was analyzed in the subgroup of 4598 patients aged > 50 years. The efficiencies of the original and simplified Wells rules in combination with age-adjusted D-dimer testing were comparable in this subgroup as well, with a mean of 25% (95% CI 19-33%; 90% PI 10-49%) for the original Wells rule versus a mean of 22% (95% CI 15-31%; 90% PI 7-51%) for the simplified Wells rule. The respective failure rates were also comparable, with a mean of 1.4% (95% CI 0.6-2.9%; 90% PI 0.4-4.9%) for the original Wells rule versus a mean of 1.3% (95% CI 0.6-2.6%; 90% PI 0.4-3.7%) for the simplified Wells rule.
Discussion
The findings of the present analysis indicate that the original and simplified Wells rules have similar performances in the diagnostic management of patients with clinically suspected acute PE. When combined with age-adjusted D-dimer testing, both rules can rule out the disease without additional imaging in approximately one-third of patients, and < 1% will be subsequently diagnosed with VTE.
A strong point of this analysis is that we were able to combine individual patient data from > 7000 patients with clinically suspected PE who were enrolled in six prospective outcome studies, which were homogeneous in design. All patients were managed by the Wells rule and quantitative D-dimer testing, currently one of the recommended initial diagnostic approaches for PE. Modern statistical methods were used to impute missing data and obtain estimates in a one-stage random-effects metaanalysis. 1116 (15) Wells score items Clinical signs of lower-extremity DVT, n (%)
297 (4) Alternative diagnosis less likely than PE, n (%)
3812 (52) Heart rate > 100 beats min 104 (2) DVT, deep vein thrombosis; PE, pulmonary embolism; SD, standard deviation.
Some limitations of our study require consideration. The simplified Wells score and age-adjusted D-dimer threshold were calculated post hoc for most of the patients, whereas management decisions had been based on the original Wells rule and conventional D-dimer testing in the original studies. However, as the Wells score items were systematically assessed in all studies prior to D-dimer testing, we feel that the post hoc-calculated simplified Wells scores are likely to be the same as if they were calculated prospectively. By application of the ageadjusted D-dimer threshold post hoc, those patients with a 'PE unlikely' Wells score and a D-dimer level between the fixed and age-adjusted thresholds were considered to have a negative D-dimer result, whereas in fact they had received imaging at baseline. As a consequence, the failure rate may have been overestimated, owing to the detection of pulmonary emboli with sometimes uncertain clinical significance.
As illustrated by the relatively wide PIs around the estimates, considerable between-study heterogeneity was observed in the performance of the diagnostic strategies, most likely because of differences in patient populations and in the proportions of patients with PE across the studies. Caution is warranted when extrapolating these findings to other populations or healthcare settings with a lower proportion of patients with PE, where both the absolute and relative performances of these algorithms may be different.
We acknowledge that a number of different quantitative D-dimer assays were used in the studies. We were unable to stratify the results by assay, as patient-level information on the assay used was not available. However, all were modern, well-validated quantitative Ddimer assays with similar fixed cut-off levels.
We are also aware that the combination of the simplified Wells rule and age-adjusted D-dimer testing itself was not formally evaluated in a prospective management study, and would require validation before application in clinical practice. The Prometheus study, included in the present analysis, is the only study to have prospectively evaluated the simplified Wells rule [5] . Among 807 patients with clinically suspected PE, the simplified Wells rule was as efficient and safe as the original Wells score in combination with conventional D-dimer testing. A subsequent post hoc analysis of this study demonstrated that the original and simplified Wells rules had comparable efficiency and failure rates when combined with ageadjusted D-dimer testing [15] , which is line with the findings of the present study. Similarly, two other retrospective studies found no significant differences in efficiency and failure rate between the original and simplified Wells scores in combination with conventional D-dimer testing [16, 17] . Taking these findings together, although prospective confirmation is formally needed, it is unlikely that the results will be different from the present analysis. It is well known that overfitting resulting from model and parameter uncertainty can be a serious problem in the derivation of clinical prediction models [18] . Although the number of events in Wells' derivation study was adequate for valid prediction modeling [10] , the applied method of variable selection and lack of use of shrinkage methods may still have resulted in overestimated points in the final score. Indeed, odds ratios tended to be lower in the present analysis than in the derivation study. Nevertheless, it appeared that little predictive performance was lost when all items were assigned unit points. In the setting of VTE, this phenomenon has, for example, also been observed for simplifications of the Pulmonary Embolism Severity Index [19] and revised Geneva score [20] . Selecting the right predictors seems to be more important than assigning the right points to each item [21, 22] .
The practical advantage of the simplified Wells score over the original score is its ease of use in deciding whether a patient should undergo D-dimer testing or can proceed to imaging directly. Rather than assessing seven clinical items at the bedside, assigning different points to each item, and calculating a sum score, the simplified Wells score only requires an assessment of the clinical items. If two or more of the Wells items are present, the physician can immediately refer the patient for diagnostic imaging.
Some argue that we should not aim for simplification of clinical decision scores now that we have entered an era wherein physicians increasingly use digital devices during their clinical work; their argument is that we should develop even more complex scores to be calculated on a website or in an app. Some discriminatory performance may be lost with an oversimplification of a score [23] . Future research aimed at optimizing the diagnostic management of PE could focus on the development of new decision models with state-of-the-art statistical techniques in which more information, such as quantitative D-dimer results and additional results from physical examination, is incorporated. Until then, given its similar performance, the simplified Wells rule in combination with age-adjusted D-dimer testing presents an attractive alternative to the original score in the diagnostic management of acute PE. 
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